This study investigated fluoride release, acid resistance and shear bond strength (SBS) of new 4-META/MMA-TBB-based fluoridecontaining resin adhesive (Super-Bond/F3). Super-Bond, Transbond Plus and Fuji Ortho LC were selected for comparison. Fluoride release into distilled water during 6-month period was measured using disk-shaped specimens. Brackets were bonded to human premolars with each material and then the specimens for the nanoindentation test were subjected to alternating immersion (demineralizing and remineralizing solutions); the hardness and elastic modulus of the enamel around bracket were determined. Rest of the specimens was subjected to examine the SBS. Super-Bond/F3 and Fuji Ortho LC showed significantly greater fluoride release compared with the other materials. The reductions in hardness and the elastic modulus for Super-Bond/F3 and Fuji Ortho LC were lower than those for the other materilas. Super-Bond and Super-Bond/F3 showed significantly greater SBS than Fuji Ortho FC. In conclusion, Super-Bond/F3 showed high fluoride-release, cariostatic potential and equivalent SBS.
INTRODUCTION
The demineralization of enamel adjacent to fixed orthodontic appliances is associated with stagnation for the development of plaque and a poor natural selfcleaning mechanism due to the irregular surfaces of the appliances, and is an important issue in clinical orthodontics 1, 2) . Fluoride plays an important role in the prevention of demineralization during orthodontic treatment. To help prevent enamel demineralization, manufacturers are modifying orthodontic adhesives to increase fluoride release. Glass ionomer cements have high levels of fluoride-releasing ability, but show low bracket-bond strength 3) . Over the past decade, resinmodified glass ionomer cements (RMGIC) with improved shear bond strength (SBS) have been developed 4, 5) . The cariostatic potential of adhesives adjacent to brackets has been investigated both in vitro 2, 6, 7) and in vivo [8] [9] [10] by quantifying the depth of demineralization and mineral loss by various evaluation methods. Most studies have shown that RMGIC are more effective for preventing the demineralization of enamel than both fluoride-releasing and non-fluoride-releasing composite resin adhesive systems 2, 6, 9) , although RMGIC were shown to have a lower bond strength than composite resin adhesives 4, 5) . A recent study 11) investigated the shear bond strength of a new unfilled experimental self-etching primer (SEP) adhesive system that incorporates 4-META (4-methacryloxyethyl trimellitate anhydride)/MMA-TBB (Methyl methacrylate-tri-n-butyl borane)-based resin, and reported that this experimental adhesive system produced a milder etching pattern and an equivalent SBS. As another advantage, with the experimental SEP adhesive system, it may be easier to remove residual adhesive after debonding since it does not contain filler particles, which greatly influence the grindability of a composite resin adhesive 12) . The adhesive system has been further modified so that it release fluoride by the addition of sodium fluoride to the polymer powder (Brushdip F3, Sun Medical, Shiga, Japan), and this new product has recently been introduced in clinical orthodontics. The purpose of this study was to determine if this new 4-META/MMA-TBB-based fluoride-containing resin adhesive system can provide adequate fluoride release, acid resistance of enamel and SBS.
MATERIALS AND METHODS

Materials
The 4-META/MMA-TBB-based fluoride-containing resin adhesive system (Super-Bond/F3, Sun Medical) (Group 1) and three bracket-bonding adhesive products for comparison [Group 2, 4-META/MMA-TBB-based resin adhesive system without fluoride-releasing ability (Super-Bond, Sun Medical); Group 3, conventional Bis-GMA/TEGDMA (triethylene glycol dimethacrylate)-based SEP composite resin adhesive system (Transbond Plus Color Change, 3M Unitek, Monrovia, California, USA); Group 4, RMGIC adhesive system (Fuji Ortho LC Automix, GC, Tokyo, Japan)] were used in the present study (Table 1) . formed into disks measuring 10 mm in diameter and 2 mm in thickness using rubber molds. The molds were filled with resin or RMGIC paste, and pressure was applied with a polyester film. The Transbond Plus and Fuji Ortho LC were then irradiated with a halogen light system (α-Light, J. Morita, Tokyo, Japan) for 3 min and the specimens were stored in their molds for 24 h at room temperature. Each test specimen was then immersed individually in a plastic vial with 10 mL of distilled water at 37°C. The distilled water was changed at 1, 3, 7, 14, 28 days and 6 months. At each water change, the disk specimens were rinsed with fresh distilled water. To stabilize the pH, 1 mL of TISAB III (total ionic strength adjustment buffer) was added to the distilled water. The ionic fluoride concentration in the solution was quantified by using fluoride ion-selective electrodes (6561, Horiba, Kyoto, Japan) connected to an ion analyzer (F-53, Horiba). The electrodes were calibrated with a series of standard fluoride solutions with ionic concentrations of from 1 to 50 ppm of fluoride. A calibration graph was prepared and used to calculate the concentration of fluoride in each sample solution.
Specimen preparation and measurement of fluoride release
Specimen preparation for the cross-sectional nanoindentation test and the SBS test Seventy-six human noncarious premolars, obtained by extraction from patients who were to undergo orthodontic treatment, were allocated into 4 groups of 14 each for use in the cross-sectional nanoindentation test and of 5 each for use in the SBS test. This in vitro study was approved by the ethics committee of Health Sciences University of Hokkaido (Accession number: 47). The buccal surfaces of all teeth were cleaned using nonfluoridated pumice. The teeth were subsequently polished using a rubber cup, and thoroughly washed and dried using a moisture-free air source. Groups 1 and 2: Super-Bond/F3 and Super-Bond adhesives (SEP+Monomer+Catalyst+Fluoride-containing polymer powder or Conventional polymer powder). The SEP (Teeth primer, Sun Medical) was applied to the enamel surfaces for 20 s using a sponge pledget. An air jet was lightly applied to the enamel. After appropriate amounts of the monomer (Quick Monomer, Sun Medical) and the TBB catalyst (Catalyst V, Sun Medical) were mixed in a well and fluoride-containing polymer (Brushdip F3, Sun Medical) (Group 1) or conventional polymer powder (Polymer Clear, Sun Medical) (Group 2) was added to the well, metal brackets for upper premolars (Victory Series, 3M Unitek) with a base area of 10.0 mm 2 were bonded using a brush-dip technique.
Group 3: Transbond Plus Color Change SEP adhesive. Transbond Plus SEP (3M Unitek) was applied and rubbed on the enamel surfaces for 3 s. An air jet was lightly applied to the enamel, and the brackets were bonded with Transbond XT composite (3M Unitek).
Group 4: Fuji Ortho LC Automix RMGIC adhesive.
Fuji Ortho Gel Conditioner (20% polyacrylic acid) (GC) was applied to the enamel surface for 10 s, followed by thorough washing and drying. Metal brackets were then bonded with Fuji Ortho FC Automix paste (GC). Excess bonding material was removed with an explorer, and the enamel surface around the bracket was carefully wiped off with cotton. Samples in groups 3 and 4 were light-cured according to the instructions from each manufacturer (Fig. 1a) . Acid-resistant nail varnish was next applied to each tooth (specimens for the nanoindentation test), leaving a 1-mm rim of exposed sound enamel surrounding the bracket (Fig.  1b) . After the nail varnish drying (approximately 2 h), the specimens for the nanoindentation test were immersed individually in a plastic vial with 2 mL of demineralizing solution (2 mmol/L calcium chloride and 2 mmol/L sodium dihydrogen phosphate, with 50 mmol/L acetic acid added to give a pH of 4.55) for 4 h at 37°C, as described previously 13) . After being rinsed with distilled water and then dried, the specimens were immersed in 2 mL remineralizing solution (2 mmol/L CaCl 2 and 2 mmol/L NaH2PO4 with 0.1 mol/L of NaOH added to give a pH of 6.8) for 20 h at 37°C 13) . This process was repeated for 28 days (Fig. 1c) . The specimens for the shear bond strength test were stored in artificial saliva at 37°C for 24 h.
Cross-sectional enamel microhardness measurements with a nanoindentation test
After 28 days of alternating immersion, all the teeth were cut with a slow-speed water-cooled diamond saw (Isomet, Buehler, Lake Bluff, Ilinois, USA) so that they were divided into occlusal and cervical halves (Fig.  1d) ; one of the sectioned specimens (transverse planes) was then encapsulated in epoxy resin (Epofix, Struers, Copenhagen, Denmark) for the nanoindentation test. All samples were ground (600-grit sandpaper) and polished using diamond suspensions (particle sizes of 3, 1 and 0.25 μm) to obtain a suitable surface for nanoindentation. The specimens were then washed with distilled water and lightly cleaned ultrasonically. Since the temperature stability during the nanoindentation test is more important than the actual temperature and ISO 14577-1 recommends that a nanoindentation test is performed in the range (23±5) °C 14) , all nanoindentation testing (ENT-1100a, Elionix, Tokyo, Japan) was carried out at constant temperature (28°C) with a peak load of 5 mN using a Berkovich indenter. The indentations were placed at depths of 1-96 μm (20 locations spaced 5 μm apart) from the external surface at approximately 100 μm from the bracket edge (Fig. 1e) . Linear extrapolation methods (ISO Standard 14577) 14) were used for the unloading curve between 95% and 70% of the maximum test force to calculate the elastic modulus. The hardness and elastic modulus were calculated by software provided with the nanoindentation apparatus.
Measurement of the SBS
The specimens for measuring the SBS were fixed to a custom-fabricated acryl resin block using Model Repair II and the block was fixed to a universal testing machine (EZ Test, Shimadzu, Kyoto, Japan). A knife-edged shearing blade was secured to the crosshead with the direction of force parallel to the buccal surface and the bracket base. Force was applied directly to the bracket wings. The brackets were debonded at a crosshead speed of 0.5 mm/min.
Statistical analysis
The experimental results were analyzed using PASW Statistics software (version 18.0J for Windows, IBM, Armonk, NY, USA). The data for the amount of fluoride released in the four specimen groups in each immersion period were not normally distributed (Levene test), and a Kruskal-Wallis test was applied to determine whether significant differences were present among the groups. The Mann-Whitney U test was then used for two independent groups and the Bonferroni correction was applied (p<0.0083). The mean hardness, elastic modulus and SBS values, along with the standard deviation, for the groups with different bonding materials were compared by one-way ANOVA, followed by the Tukey test, with a significance level of 5%. 
RESULTS
The fluoride ion release from disk specimens and the total fluoride ion concentration during 6-month period are summarized in Table 2a and b. The amount of fluoride ions released from Super-Bond was below the detection limit. A small amount of fluoride ions (1.6 ppm-9.9 ppm) was constantly released from Transbond Plus during 6-month period. For Super-Bond/F3, the highest release value was observed on the first day (20.6 ppm), and the value continuously decreased thereafter. On the other hand, Fuji Ortho LC showed the highest release value at 3 days (16.5 ppm), and the value continuously decreased thereafter. Fuji Ortho LC (105.0 ppm) showed significantly greater total fluoride release compared with the other groups during the 6-month period. Figure 2 shows the mean values of hardness and the elastic modulus of cross-sectioned polished specimens (transverse planes) obtained by the nanoindentation test; the results of the statistical comparisons of the four specimen groups are summarized in Tables 3 and 4 . There was no significant difference in hardness among the four specimen groups at depths of 51 µm-96 µm from the enamel surface, except at a depth of 66 μm. The values of hardness for Super-Bond and Transbond Plus were lower than those in the other two groups at depths of 11 µm-46 µm from the enamel surface, although in some locations the differences were not significant. For specimens bonded with Super-Bond/F3, the hardness values at most locations were similar to those in specimens bonded with Fuji Ortho LC. The values of elastic modulus for Super-Bond and Transbond Plus were lower than those in the other two groups at depths of 1 µm-71 µm from the enamel surface, although there was no significant difference at most locations due to the large standard deviation.
The results regarding SBS are shown in Fig. 3 . Based on the results of one-way ANOVA, significant differences in SBS were found among the four specimen groups (p<0.001). Specimens bonded with the SuperBond/F3 (11.6 MPa) and Super-Bond (11.9 MPa) showed significantly higher mean SBS than that bonded with the Fuji Ortho FC (6.8 MPa) . No statistically significant difference was found among the specimens bonded with the Super-Bond/F3, Super-Bond and Transbond Plus (9.3 MPa). 
DISCUSSION
Fluoride release values for different orthodontic adhesives vary in the literature 13, 15) . Fluoride release behavior is influenced by the type of medium [16] [17] [18] . Previous studies have compared fluoride release in distilled water and artificial saliva, and have reported that the amount of fluoride ion released in distilled water was greater than that in artificial saliva 16, 17) . Another previous study reported that the pH value of the solution also influences the release of fluoride ion by restorative materials 18) . In the present study, we used distilled water as a solution to investigate the general fluoride-release behavior of bracket-bonding materials. Previous study 15) compared the initial fluoride ion release of five orthodontic adhesives including the Fuji Ortho LC and Transbond Plus and reported that the Fuji Ortho LC showed higher fluoride release levels than did composite resin adhesives with fluoride-releasing ability; this is in agreement with our finding. In the present study, Super-Bond/F3 released relatively a large amount of fluoride during the 6-month period, which was significantly greater than the value for Transbond Plus, but lower than the value for Fuji Ortho LC, except first day. Although Super-Bond/F3 requires self-etching for the bracket-bonding procedure 19) , the fluoride-releasing ability of Super-Bond/F3 may promote remineralization of the enamel around the bonded bracket on the enamel surface 13, 20) . The use of cross-sectional microhardness measurements with a Knoop indenter has been a popular method for quantitatively investigating the demineralization of enamel 6, 8, 9) , since there is a strong correlation (R 2 =0.84-0.92) between enamel microhardness and mineral content determined by transversal microradiography in carious lesions 8, 21, 29) . The traditional Knoop microhardness test generally produces a large indentation (indentation length equivalent to a width of 5-20 enamel prisms) and is also influenced by the substrate 21) . Recent advances in the nanoindentation test allow the measurement of mechanical properties for extremely small volumes of material, and both the hardness and the elastic modulus can be determined simultaneously [22] [23] [24] [25] . However, microradiography is a better analysis method if it is important to know mineral content profiles, because a previous research 28) reported that there was a moderate linear relationship (R 2 =0.81) between mineral content and the square root of hardness by nanoindentation testing. However, depth profiling using micro-or nano-hardness provides useful information on mechanical properties and structural integrity that cannot be determined by mineral content 28) . The elastic modulus of enamel may be also an important factor for understanding the changes in the physical properties during demineralization and remineralization of the enamel structure. For example, the deteriorated enamel by etching may produce cracks within the enamel structure by stress during orthodontic treatment and may cause the enamel fracture 26) . Therefore, the change of the elastic modulus in the enamel may be associated with the brittleness of the structure and investigating the elastic modulus of the enamel should be worthwhile. The nanoindentation test is usually performed based on ISO Standard (ISO 14577) 14) , and the reliability of this test has been established 22) . ISO 14577-1 states that the minimum distance between indentations shall be at least five times the largest indentation diameter. In the nanoindentation test in the present study, we used a peak load of 5 mN and each indentation had a width and length of approximately 1 μm; the distance between the indentations was about 4 μm. In this case, the distance between the indentations was about 3 μm. Because a greater peak load shows more stable data and the indentations obtained by our condition did not produce any crack, we used the condition (5 mN of peak load). In addition, a minimum distance between indentations is favorable for analyzing demineralization and remineralization behavior in the micro ranges. In this regard, the nanoindentation test provides a major advantage compared to conventional methods such as the Knoop hardness and Vickers hardness tests.
The results of the cross-sectional nanoindentation analysis in this study showed that the values of hardness and the elastic modulus in the surface regions for all groups were decreased, suggesting that these regions of the enamel structure were demineralized by the alternating immersion process. The hardness and elastic modulus values for Super-Bond and Transbond Plus were lower than those in the other two groups at depths of 11 µm-46 µm from the enamel surface, which means that these adhesives have lower acid resistance to enamel than Super-Bond/F3 and Fuji Ortho LC. In the present study, there was no significant difference in hardness among the four specimen groups at depths of 51 µm-96 µm from the enamel surface, and the values of hardness were similar with previous finding 27) obtained from sound enamel specimen, suggesting that these regions of the enamel structure were not demineralized by the alternating immersion process. On the other hand, the mechanical properties of the etched enamel surface should be affected by the degree of demineralization during the bracket bonding. Previous study 27) examined the effect of conventional etching (35% phosphoric acid) and SEP (Transbond Plus) on the mechanical properties (hardness and elastic modulus) of the enamel surface region (1-25 μm depth spaced 4 μm apart), and reported that the locations at 1 µm and 5 µm from the enamel surface for the conventional etching had significantly lower hardness and elastic modulus than other locations. However, the enamel locations treated by the SEP and untreated enamel showed no significant differences. Therefore, the surface treatment of SEP in the present study might cause minimal decrease in the hardness and elastic modulus of enamel surface. In the present study, the values of elastic modulus for the Super-Bond and Transbond Plus after alternating immersion in demineralizing and remineralizing solutions were lower than those in the other two groups at depths of 1 µm -71 µm from the enamel surface, although there was no significant difference at most locations due to the large standard deviation. The change of the elastic modulus in the enamel may be associated with the brittleness of the structure. Further research is necessary to elucidate the relationship between the elastic modulus of the demineralized enamel and the enamel fracture during clinical debonding procedure.
Most recent studies have shown that RMGIC are more effective at preventing the demineralization of enamel due to a high fluoride-release ability than both fluoride-releasing and non-fluoride-releasing composite resin adhesive systems [7] [8] [9] , although previous studies have shown that RMGIC has a lower bond strength than composite resin adhesives 5, 6) . In the present study, the acid resistance of the 4-META/MMA-TBB-based fluoride-containing resin adhesive system (Super-Bond/ F3) was equivalent to that of RMGIC (Fuji Ortho LC).
In SBS test of the present study, no statistically significant difference was found among the specimens bonded with the Super-Bond/F3 and Super-Bond, suggesting that an addition of fluoride for the 4-META/ MMA-TBB-based resin adhesive system is not influence the SBS. In addition, the 4-META/MMA-TBB-based fluoride-containing resin adhesive system (Super-Bond/ F3) showed significantly higher mean SBS than that of the RMGIC (Fuji Ortho FC), suggesting that this the 4-META/MMA-TBB-based fluoride-containing resin adhesive system has clinically acceptable bracket bond strength.
CONCLUSIONS
Under the conditions of this study, the following conclusions can be drawn:
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